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[bookmark: _Ref129681832]In this contribution, we discuss NR-U DRS design including numerology, OCB requirement and DRS composition. Furthermore, extensive PRACH preamble evaluations are provided for ZC sequences with/without repetitions.
NR–Unlicensed DRS design
SSB pattern and CORESET 0
LTE LAA Discovery Reference Signal (DRS) consists of CRS, PSS, SSS and optional CSI-RS. Similarly, introduction of NR-U DRS consisting of at least the SSB burst set was identified beneficial in SI phase. In DC and SA mode, the corresponding RMSI is jointly transmitted with SSB as NR-U DRS for initial access. Besides, CSI-RS could also be configured as part of NR-U DRS for the purpose of RLM/RRM measurements. To better accommodate SSB and the associating DL signal(s)/channel(s), a new DRS multiplexing pattern is required, in which 6 or 7 symbols are allocated for SSB and other multiplexed channels/signals with same QCL assumption. As demonstrated in Figure 1, three alternatives on the combination of SSB pattern and CORSET 0s are proposed for NR-U [1]. 
For alternative 1(legacy SSB pattern) with length-2 CORESET 0, it can only support RMSI PDSCH with at most 5 symbols. Compared with alternatives which supports RMSI PDSCH of 6 symbols, fewer time/frequency resources are available for RMSI transmission. In NR Rel-15, RMSI payload size is around 1700 bits, and limited T/F resources available for transmission could lead to severe RMSI decoding performance degradation and increase undesirable access delay. It was argued that 2 remaining symbols at the end of slot could be used for PUCCH transmission or allocated as RO. However, switching transmission direction in DRS transmission is undesirable since it increases the probability of losing channel’s ownership. Configuring CSI-RS at the last 2 symbols separated apart from the QCLed SSB is also not preferred as it requires additional beam switching operation. CORESET 0 associating with the 2nd SSB in a slot starts at OS#6 will also impede UE to perform half-slot processing. On the other hand, if length-1 CORESET 0 associating with 2nd SSB in a slot is at OS#7, the relative position among SSB, CORESET 0 and PDSCH in a DRS block will be different from that in the 1st half slot, which increases UE decoding complexity. 
For alternative 3 (legacy SSB pattern), when 2 SSBs are configured to be transmitted with one slot, only length-1 CORESET 0 can be supported, e.g. at OS#0 and OS#7. For 30 kHz SCS, length-1 CORESET 0 includes only 1 or 2 PDCCH candidates with CCE aggregation level of 8 or 4. In NR Rel-15, the supported CCE aggregation level for CORESET 0 is 4, 8 and 16. Assuming DRS consists of SSB, OSI and Paging, when both CORESET 0 and OSI CORESET are configured with CCE aggregation level 4, then there is no available resource left for Paging CORESET. If CORESET 0 is configured with CCE aggregation level 8, CORESET 0 itself will occupy the entire 1 symbol CORESET. Therefore, to support full configuration flexibility, 2 symbol CORESET shall be supported for each SSB location.
Alternative 2 allows PDSCH with length of at most 5 or 6 symbols assuming length-2 or length-1 CORESET 0 is adopted, which means more resources could be allocated for RMSI, OSI and Paging transmission compared with the other 2 alternatives. gNB could also configure 1 symbol CSI-RS occupying the full initial BWP at OS#6 and OS#13, which could be assumed to have the same QCL assumption with the corresponding SSB (CSI-RS transmitted at OS#6 corresponding to SSB 0 and CSI-RS transmitted at OS#13 corresponding to SSB 1) and hence no beam switching back and forth is needed. Besides, alternative 2 also supports length-2 CORESET 0 for each SSB even if 2 SSBs are transmitted in one slot. The symmetric structure between two half-slots could facility UE implementation. Considering all discussion above, alternative 2 is preferred to be adopted as SSB pattern for NR-U. 

 Figure 1.  Illustration of possible NR-U DRS patterns
Proposal 1: Alternative 2 shall be supported as SSB pattern in NR-U
· Support Type0-PDCCH in symbol (#0, #1) for length-2 CORESET 0 and symbol (#0) for length-1 CORESET 0 for the first SSB in a slot
· Support Type0-PDCCH in symbol (#7, #8) for length-2 CORESET and symbol (#7) for length-1 CORESET 0 for the second SSB in a slot
RMSI PDSCH rate matching
In NR Rel-15, PDSCH scheduled by Type-0 PDCCH should be contiguous in frequency domain and cannot rate-match around SSBs. However, RMSI PDSCH around SSBs shall be considered in NR-U since it helps increase the capacity of PDSCH for RMSI/OSI/Paging without prolong transmission duration. If alternative 2 in previous section is adopted with length-1 CORESET 0, PDSCH DMRS in a DRS burst could be located at OS#1 and OS#8. If length-2 CORESET 0 is configured, since RMSI PDSCH and SSB are multiplexed in frequency domain, a combination of RMSI PDSCH DMRS and reference signal in SSB such as PSS/SSS and PBCH DMRS can be employed for purpose of channel estimation in the initial BWP. In this case, all REs in OS#6 and OS#13 could be allocated for RMSI PDSCH.
As illustrated in Figure 1, 5 symbol or 6 symbol PDSCH are scheduled by Type-0 PDCCH. To support mini slot with additional length, more valid S and L combinations shall be introduced to Table 5.1.2.1-1 in [2], i.e., L could be chosen as 2, 4, 5, 6 and 7. Note that this enhancement is only applicable to RMSI PDSCH corresponds to the 2nd SSB in a slot, and RMSI PDSCH corresponds to the 1st SSB could simply res-use conventional mapping type A PDSCH scheduling configuration specified in NR Rel-15.
Proposal 2: NR-U shall support that PDSCH scheduled by Type-0 PDCCH can rate-match around the corresponding SSBs as it facilitates DRS transmission.
Proposal 3: A combination of RMSI PDSCH DMRS and reference signal in SSB could be used for channel estimation in the initial BWP.
DRS composition indication
It was agreed in TR [3] that OSI and paging could be transmitted within NR-U DRS. It is beneficial to reduce the required number of channel access attempts and better fulfill the OCB requirement in NR-U. From another perspective, it is undesirable to always consist of all these channels/signals in NR-U DRS due to limited resources available for the DRS transmission. 
In NR, PBCH within SSB can indicate the multiplexing pattern between SSB and RMSI CORESET. When additional signal (i.e. OSI, paging) also be included in DRS, it is intuitive to extend the configuration information in PBCH to carry the indication of inclusion for additional signal and the multiplexing pattern between SSB and those signals multiplexed in DRS.  
In NR Rel-15, a set of RBs in symbols of a slot occupied by SSB transmission are not available for PDSCH reception. However, each SSB/DRS transmission in NR-U depends on LBT outcome, which varies from time to time. Therefore, additional dynamic signaling shall be carried in DCI that scheduling PDSCH in order to indicate the actual SSB/DRS transmission time location or transmission time offset introduced by LBT.
Proposal 4: Inclusion of RMSI, OSI and paging in DRS is indicated by PBCH.
NR-Unlicensed PRACH Preamble
In this section, we evaluate and compare various NR-U PRACH preamble schemes based on either repetitions of length-139 Zadoff-Chu (ZC) sequence (with/without gaps between repetitions) or a single long ZC sequence, mapped continuously in frequency. Specifically, for the repeated length-139 ZC sequence, we set the gap between repetitions to 0 RE (i.e., no gap) and 5 REs (i.e., each repetition is mapped to the same positions in every 12 RBs). It is not useful to map the repeated sequences far apart (e.g., one repetition on each side of the channel bandwidth). Large frequency separation between the repetitions is equivalent to an interlace having a small Zero-Auto-correlation-Zone (ZAZ), e.g., much smaller than the evaluated PRB-interlaces, thus the detection performance will be worse. Large separation does also not achieve larger transmit power. Furthermore, if the objective for such a mapping is to fulfil the OCB requirement, the PRACH capacity is reduced since the resources between the sequences cannot be used for PRACH.
For the single long ZC sequence, its length is taken to be the maximum prime number not larger than 144n (n = 2, 4, 8 if possible) or the total number of REs in the 20 MHz bandwidth (i.e., these prime numbers are[footnoteRef:2] 283, 311, 571, 607, 1151 and 1259). It should be noted that a repeated ZC sequence is a new waveform, while a single long ZC sequence is not new since the Rel-15 NR UE already supports a single ZC sequence with very many lengths for the PRACH, DMRS and SRS, see Table A-1 in Appendix. As is seen, the abovementioned lengths for the single long ZC sequence are all taken from Table A-1. [2:  For 15 kHz SCS, 283, 571 and 1151 are the maximum prime numbers not larger than 144x2, 144x4 and 144x8, and 1259 is the maximum prime number not larger than the total bandwidth. For 30 kHz SCS, 283 and 571 are the maximum prime numbers not larger than 144x2 and 144x4, and 607 is the maximum prime number not larger than the total bandwidth. For 60 kHz SCS, 283 is both the maximum prime number not larger than 144x2 and the total bandwidth 24 RBs, and 311 is the maximum prime number not larger than the total bandwidth when there are 26 RBs.] 

Observation 1: Repeated ZC sequences are a new waveform while a Rel-15 NR UE is already capable of transmitting a single ZC sequence with one of 99 different sequence lengths ranging from 31 to 1259 in a 20 MHz bandwidth.
The agreement on PRACH preamble also included the option to consider a new sequence with a length longer than 139. The main reason for that would be to increase the PRACH capacity but so far, RAN1 has not identified a need for that. If there will be an agreement to do so, new sequences would be the solution and it is acknowledged that this topic was comprehensively studied for Rel-15.    
Numerical evaluations
Tables A-2 to A-4 in Appendix A list all the candidate PRACH schemes, together with the legacy one based on length-139 ZC sequence as reference, and their resource allocations for 15/30/60 kHz subcarrier spacing (SCS), respectively. For each of these schemes, we follow the simulation assumptions agreed in [4][5], and the detailed evaluation method and performance metrics (e.g., SNR definition, MCL and PRACH capacity) are the same as those in [6]. Their corresponding performance is shown in Figures B-1 to B-3 of Appendix B. In particular, the results for 30 kHz SCS are summarized in Table 1 below, and the following observations are made:
Observation 2: Compared to a single ZC sequence of similar length, a repeated length-139 ZC sequence has slightly worse mis-detection performance and lower maximum transmission power, but much larger CM (which in turn leads to much lower MCL) and much smaller PRACH capacity, and the degradation increases with more repetitions.
· The mis-detection probability is ~0.05-0.19 dB worse,
· The 95-percentile CM is ~3.5-10.15 dB larger,
· The MCL is ~0.52-10 dB lower,
· The PRACH capacity is ~50-80% smaller.
Observation 3: Compared to the legacy length-139 ZC sequence without repetition, a repeated length-139 ZC sequence has much larger CM (which in turn can lead to lower MCL) and much smaller PRACH capacity, and the degradation increases with more repetitions.
· The 95-percentile CM is ~3.21-9.63 dB larger,
· The MCL is ~2.13-3 dB higher for 2-repetition case, but 1.85-2.89 dB lower for 4-repetition case,
· The PRACH capacity is ~50-75% smaller.

Table 1. Performance of different PRACH schemes with 30 kHz SCS.
	Scheme
	
	
	 per RO
	 (MHz)
	 (dBm)
	 (dB)
	 (dBm)
	95% CM (dB)
	 (dBm)
	MCL (dB)
	
	PRACH capacity

	ZC139
	139
	1
	12
	4.17
	-102.8
	-4.10
	16.12
	1.07
	16.12
	123.02
	4
	6624       (92 cells)

	ZC139x2A
	139
	2
	24
	8.34
	-99.8
	-7.50
	19.13
	4.28
	18.72
	126.02
	2
	3312       (46 cells)

	ZC139x2B
	139
	2
	24
	8.34
	-99.8
	-7.45
	19.13
	5.10
	17.90
	125.15
	2
	3312       (46 cells)

	ZC283
	283
	1
	24
	8.49
	-99.7
	-7.64
	19.20
	0.77
	19.20
	126.54
	2
	7896     (112 cells)

	ZC139x4A
	139
	4
	48
	16.68
	-96.8
	-11.02
	22.14
	9.65
	13.35
	121.17
	1
	1656       (23 cells)

	ZC139x4B
	139
	4
	48
	16.68
	-96.8
	-11.03
	22.14
	10.70
	12.3
	120.13
	1
	1656       (23 cells)

	ZC571
	571
	1
	48
	17.13
	-96.7
	-11.18
	22.25
	0.55
	22.25
	130.13
	1
	7980     (114 cells)

	ZC607
	607
	1
	51
	18.21
	-96.40
	-11.08
	22.52
	0.53
	22.47
	129.95
	1
	8484     (121 cells)


Regarding the timing estimation error, it can be seen from Figure B-2(c) that the repeated ZC sequence and a single long ZC sequence of similar length have almost the same performance, both having less timing error than the legacy length-139 ZC sequence due to increased frequency resource occupation. 
The results for 15 and 60 kHz SCS are also summarized in Table B-1 and B-2 in Appendix B, respectively. Basically, similar trends as those for 30 kHz SCS can be observed. For example, with 15 kHz SCS, the performance degradation of the length-139 ZC sequence with 8 repetitions is as large as 16.2 dB and 93% in terms of MCL and PRACH capacity reduction, respectively, compared to a single long sequence of similar length, and as large as 5.33 dB and 87.5% compared to the legacy length-139 ZC sequence without repetition.
Issues of repeated ZC sequence
PAPR/CM reduction
For the repeated length-139 ZC sequence, one may adopt different root indices/cyclic shifts/phase rotations to different repetitions so as to improve the PAPR/CM of the generated PRACH preambles. However, this does not deserve further research work due to the following three reasons. First, such an optimization is very challenging as so far there is no analytical approach to optimize the combinations of root indices/cyclic shifts/phase rotations of different repetitions for PAPR/CM reduction. The existing optimization attempts are all based on numerical search without any theoretical guarantee; Second, the optimized values of the root indices/cyclic shifts/phase rotations of different repetitions, if obtained, need to be specified and so will require additional effort; Third, it is seen from Table 1 that the single long ZC sequences already achieve very low CM values, which in most cases have no impact on the calculation of transmission power (e.g., PTx = Pmax in Table 1 where Pmax is only determined by the PSD limitation of 10 dBm/1 MHz and the frequency occupation of the PRACH preamble). Hence even if the repeated length-139 ZC sequence can be optimized to a zero PAPR/CM (which is obviously impossible), it still has a lower MCL value than the corresponding single long ZC sequence due to the slightly worse mis-detection performance and slightly lower maximum transmission power level (i.e., Pmax in Table 1).
Observation 4: Even if a method is specified to reduce the PAPR/CM of a repeated length-139 ZC sequence, its MCL will be worse than that of a single long ZC sequence with similar length.
PRACH capacity
As observed from Table 1, the PRACH capacity of the repeated length-139 ZC sequence is much less than that of the corresponding single long ZC sequence, mainly due to a smaller number of root indices available for the former. It should be pointed out that adopting different root indices/cyclic shifts/phase rotations to different repetitions cannot increase the PRACH capacity of repeated length-139 ZC sequences. This is because to guarantee low cross correlation between any two PRACH preambles with repeated ZC sequences, we must keep low cross correlation between every repetition of them. As a consequence, the adopted root indices/cyclic shifts/phase rotations for each repetition of them must be different to guarantee low cross correlation. Hence the resultant PRACH capacity does not increase with the number of repetitions and in turn would be similar to that of a legacy length-139 ZC sequence without repetition.
Observation 5: The PRACH capacity of a repeated length-139 ZC sequence is lower because of fewer available root indices compared to that of a single ZC sequence of similar length, and less FDM values compared to that of a legacy length-139 ZC sequence without repetition. This PRACH capacity cannot be improved by using different root indices, cyclic shifts or phase rotations among the repeated sequences since that increases the cross correlation.
Cyclic shift dimensioning
A single ZC sequence has been extensively adopted in the NR standard (e.g., for the PRACH, DMRS and SRS as mentioned previously). Thanks to its ideal correlation properties, it is straightforward achieve orthogonal multiplexing by adopting multiple cyclically shifted versions of a common root ZC sequence, and the related cyclic shift dimensioning can be analytically designed depending on the required cyclic shift separation (e.g., the timing detection window involved in the NR-U PRACH design). For example, in the NR PRACH design based on the legacy length-139 ZC sequence, cyclic shifts are dimensioned according to an optimization program [7] which, by utilizing the ideal auto-correlation property of a single ZC sequence, minimizes the difference between the number of sequences that can be constructed from a single root with and without cyclic shift quantization. The ordering of root indices is also dependent on certain symmetry properties [8] of the length-139 ZC sequence and the root indices are paired specifically for reducing the receiver complexity. Hence a single long ZC sequence, albeit with a new sequence length, can reuse all the construction methods for these tables, which have been applied in LTE and NR.
A repeated ZC sequence is another form of interlaced waveform, whose auto-correlation function is no longer ideal when there are gaps between repetitions. Also, it is unclear how to order root indices if the preamble consists of multiple ZC sequences in frequency domain. Hence new methods are required for specifying the cyclic shift tables and the root index ordering tables. These tables may also depend on how/whether additional PAPR/CM reduction methods (e.g., different root indices/cyclic shifts/phase rotations for different repetitions) are introduced. 
Observation 6: New methods are required for specifying the cyclic shift tables and the root index order tables of repeated ZC sequences compared to a single long ZC sequence.
Preamble detection complexity
The PRACH preamble detection is typically done as follows.
Step 1: FFT is calculated for each received OFDM symbol to form the frequency domain signal. This operation is usually shared by both the PUSCH receiver and the PRACH detector;
Step 2: The frequency domain signal is element-wise multiplied with the conjugated version of a reference frequency domain preamble;
Step 3:  The multiplied frequency domain signal is transformed to time domain by an IFFT, and its power delay profile (PDP) is calculated as the absolute square of each time domain sample;
Step 4: The values of the PDP within a certain timing detection window are compared to a pre-determined threshold to decide whether a candidate PRACH preamble is detected or not.
In practice, if multiple OFDM symbols are received, e.g., in different time instances and/or from different antenna ports, coherent and/or non-coherent accumulations can be done after step 1 and step 3, respectively. Next, we take the above detection algorithm as reference and compare the detection complexities of the repeated length-139 ZC sequence and a single long ZC sequence of similar length.
For single long ZC sequence, the detection of PRACH preambles generated by different cyclically shifted versions of a common ZC sequence can share the same operations in Steps 1-3 above, as different cyclically shifted versions only correspond to different timing detection windows in Step 4. For a length- ZC sequence with cyclic shift gap , there are  PRACH preambles generated by cyclic shifts of a common root ZC, and so their detection can share the same operations in Steps 1-3, i.e., the detection complexity can be reduced by  times. In addition, the symmetry properties [8] of single long ZC sequence enable its root indices to be paired specifically for further reduction of the receiver complexity by 2 times. Hence generally speaking, the detection complexity of the single long ZC sequence can be reduced by  times, which is roughly 28 for the schemes with single long ZC sequence in Table 1. However, for repeated ZC sequences, as mentioned earlier, the resultant PRACH waveform is essentially a new design. So far it is unclear if different PRACH preambles can share certain operations, or if the corresponding root indices can be paired for receiver complexity reduction, especially when different root indices/cyclic shifts/phase rotations are adopted to different repetitions. Hence principally we can conclude that a single long ZC sequence has a lower detection complexity than repeated length-139 ZC sequence.  
Observation 7: A repeated length-139 ZC sequence requires significant work for a number of issues:
· A standardized method to reduce the transmit power backoff.
· New method to specify the table of cyclic shifts.
· New method to allocate the root indices to preambles.
Therefore, there is no motivation, either from performance point of view, or in terms specification impact, to adopt a repeated ZC sequence.
Proposal 5: The NR-U PRACH is based on a single long ZC sequence from Rel-15 with the following lengths:
· For 15 kHz SCS: ;
· For 30 kHz SCS: ;
· For 60 kHz SCS: .
The WI states that 60 kHz SCS will be supported for control and data channels. A PRACH with 60 kHz SCS is anticipated to be useful for low-latency access and for single-numerology configuration. From the results in Figure 3-B and Table 2-B, we have not observed any particular technical prohibitive issue which makes 60 kHz SCS PRACH performance problematic. Whether 60 kHz SCS PRACH could be optional or not seems to be a future discussion.
Proposal 6: NR-Unlicensed supports 60 kHz SCS for PRACH.
PRACH formats
The NR PRACH formats were agreed after considerable work and we see no reason to change the basic preamble structure, i.e., a CP followed by repetitions of the sequence (without CP in between) and potentially a Guard Time (GT) at the end. Therefore NR-Unlicensed PRACH formats based on NR PRACH formats A and B should be the default. In particular there is no reason to change the preamble structure and introduce CPs between the OFDM symbols in order to increase the PRACH capacity, which is an inferior method compared to new sequences. It is known that there are sequences which achieve several orders of magnitude PRACH capacity increase under existing PRACH formats [9]. Introduction of a time period for LBT prior to the preamble in the ROs may need more discussion. 
Proposal 7: NR-Unlicensed PRACH formats are based on NR PRACH formats A and B.
Multiplexing between PRACH and PUSCH/PUCCH
Two cases for multiplexing between PRACH and PUSCH/PUCCH are considered:
· FDM between PRACH and PRB-interlaced PUSCH/PUCCH
This would always have been possible if PRB-interlaced PRACH was adopted. Thus, if the PRACH allocation overlaps with the PUSCH/PUCCH allocation, this type of multiplexing should not be allowed. We see no reason to manipulate and rate match the PUSCH/PUCCH resource allocation to fit around the PRACH. If the PRACH allocation does not overlap with the PUSCH/PUCCH allocation (e.g., the allocations are in different LBT subbands), multiplexing is possible. However, this does not require any particular standardized solution.   
· FDM between PRACH and contiguous PUSCH/PUCCH
This could be possible by scheduling PUSCH/PUCCH on resources orthogonal to the PRACH. The potential issue is that, if the allocations are in the same LBT subband, PRACH transmission may be blocked by other UEs’ PUSCH/PUCCH transmissions if the UEs are sufficiently close such that they interfere with each other and the timing advance is larger than the RX-to-TX switch time. The agreed 300 m ISD assumed in the evaluations corresponds to a Round Trip Time (RTT) of 1.2 μs, which is smaller than the expected switch time (e.g., 13 μs and 7 μs for FR1 and FR2, respectively). Hence, the issue will not be severe and the gNB could handle it with implementation specific means. 
Proposal 8: No solution with specification impact is adopted for handling multiplexing between PRACH and PUSCH/PUCCH.
Conclusions
In this contribution, we have made the following proposals:
For DRS:
Proposal 1: Alternative 2 shall be supported as SSB pattern in NR-U
· Support Type0-PDCCH in symbol (#0, #1) for length-2 CORESET 0 and symbol (#0) for length-1 CORESET 0 for the first SSB in a slot
· Support Type0-PDCCH in symbol (#7, #8) for length-2 CORESET and symbol (#7) for length-1 CORESET 0 for the second SSB in a slot
Proposal 2: NR-U shall support that PDSCH scheduled by Type-0 PDCCH can rate-match around the corresponding SSBs as it facilitates DRS transmission.
Proposal 3: A combination of RMSI PDSCH DMRS and reference signal in SSB could be used for channel estimation in the initial BWP.
Proposal 4: Inclusion of RMSI, OSI and paging in DRS is indicated by PBCH.

For PRACH:
Proposal 5: The NR-U PRACH is based on a single long ZC sequence from Rel-15 with the following lengths:
· For 15 kHz SCS: ;
· For 30 kHz SCS: ;
· For 60 kHz SCS: .
Proposal 6: NR-Unlicensed supports 60 kHz SCS for PRACH.
Proposal 7: NR-Unlicensed PRACH formats are based on NR PRACH formats A and B.
Proposal 8: No solution with specification impact is adopted for handling multiplexing between PRACH and PUSCH/PUCCH.
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Appendix A: Candidate PRACH schemes for NR-Unlicensed
Table A-1 lists the lengths of ZC sequences that are supported in NR at UE for PRACH, DMRS and the SRS.
Table A-1. Supported ZC sequence lengths for a Rel-15 NR UE for a 20 MHz bandwidth.
	NZC
	NZC
	NZC
	NZC
	NZC
	NZC
	NZC
	NZC
	NZC
	NZC

	31
	151
	271
	389
	509
	647
	761
	919
	1039
	1163

	47 
	167
	283
	401
	523
	659
	773
	929
	1051
	1171

	59
	179
	293
	419
	547
	661
	787
	947
	1063
	1187

	71
	191
	311
	431
	563
	683
	797
	953
	1069
	1193

	83
	199
	317
	443
	571
	691
	811
	971
	1091
	1201

	89
	211
	331
	449
	587
	701
	827
	983
	1103
	1223

	107
	227
	347
	467
	599
	719
	839
	991
	1109
	1231

	113
	239
	359
	479
	607
	727
	863
	997
	1123
	1237

	131
	251
	367
	491
	619
	743
	887
	1019
	1129
	1259

	139
	263
	383
	503
	631
	751
	911
	1031
	1151
	-



Tables A-2 to A-4 list all the candidate PRACH schemes for NR-Unlicensed. Their corresponding ZC sequence lengths , cyclic shift gaps  and frequency resource allocations are detailed in the tables. To generate 64 preambles in one cell for each scheme, we take their root indexes in the order of  and so on, and numerically optimize their cyclic shift gaps  to achieve low pairwise cross-correlation within the timing detection window of 2.02 μs. Note that since the same timing detection window of 2.02 μs is considered for all candidate PRACH schemes, their expected cyclic shift separations are also the same to each other. This leads to a similar number of PRACH preambles that can be generated from a single root sequence, regardless of the ZC sequence length. The cyclically shifted sequences are then repeated by  times (if needed) and mapped to the frequency resources according to the RE allocations in the tables.
Table A-2. PRACH schemes for NR-Unlicensed with 15 kHz SCS.
	Scheme
	Frequency domain sequence generation
	Bandwidth per RO (MHz)

	
	
	
	
	RE allocation
	

	ZC139
	139
	8
	1
	139 contiguous REs
	2.085

	ZC139x2A
	139
	8
	2
	278 contiguous REs 
	4.17

	ZC139x2B
	139
	8
	2
	REs with indices {3, 4, …, 141} in the first and second 12 PRBs 
	4.245

	ZC283
	283
	12
	1
	283 contiguous REs
	4.245

	ZC139x4A
	139
	8
	4
	556 contiguous REs
	8.34

	ZC139x4B
	139
	8
	4
	REs with indices {3, 4, …, 141} in the first, second, third and forth 12 PRBs
	8.565

	ZC571
	571
	22
	1
	571 contiguous REs
	8.565

	ZC139x8A
	139
	8
	8
	1112 contiguous REs
	16.68

	ZC139x8B
	139
	8
	8
	REs with indices {3, 4, …, 141} in the first to eighth 12 PRBs
	17.205

	ZC1151
	1151
	42
	1
	1151 contiguous REs
	17.265

	ZC1259
	1259
	45
	1
	1259 continuous REs
	18.885



Table A-3. Candidate PRACH schemes for NR-Unlicensed with 30 kHz SCS.
	Scheme
	Frequency domain sequence generation
	Bandwidth per RO (MHz)

	
	
	
	
	RE allocation
	

	ZC139
	139
	11
	1
	139 contiguous REs
	4.17

	ZC139x2A
	139
	11
	2
	278 contiguous REs 
	8.34

	ZC139x2B
	139
	11
	2
	REs with indices {3, 4, …, 141} in the first and second 12 PRBs 
	8.49

	ZC283
	283
	20
	1
	283 contiguous REs
	8.49

	ZC139x4A
	139
	11
	4
	556 contiguous REs
	16.68

	ZC139x4B
	139
	11
	4
	REs with indices {3, 4, …, 141} in the first, second, third and forth 12 PRBs
	17.13

	ZC571
	571
	40
	1
	571 contiguous REs
	17.13

	ZC607
	607
	43
	1
	607 contiguous REs
	18.21



Table A-4. Candidate PRACH schemes for NR-Unlicensed with 60 kHz SCS.
	Scheme
	Frequency domain sequence generation
	Bandwidth per RO (MHz)

	
	
	
	
	RE allocation
	

	ZC139
	139
	19
	1
	139 contiguous REs
	8.34

	ZC139x2A
	139
	19
	2
	278 contiguous REs 
	16.68

	ZC139x2B
	139
	19
	2
	REs with indices {3, 4, …, 141} in the first and second 12 PRBs 
	16.98

	ZC283
	283
	40
	1
	283 contiguous REs
	16.98

	ZC311
	311
	44
	1
	311 contiguous REs
	18.66



Appendix B: Performance comparison of different PRACH schemes 
Figures B-1 to B-3 show the performance of all the candidate PRACH schemes listed in Tables A-2 to A-4, respectively. 
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 Figure B-1. Performance comparison of PRACH schemes with 15 kHz SCS.
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Figure B-2. Performance comparison of PRACH schemes with 30 kHz SCS.
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 Figure B-3. Performance comparison of PRACH schemes with 60 kHz SCS.
The performance of PRACH schemes with 30 kHz SCS has been summarized in Table 1 in Section 3.2, and that of PRACH schemes with 15 kHz and 60 kHz SCSs are summarized in Tables B-1 and B-2 below.
Table B-1. Performance of different PRACH schemes with 15 kHz SCS.
	Scheme
	
	
	 per RO
	 (MHz)
	 (dBm)
	 (dB)
	 (dBm)
	95% CM (dB)
	 (dBm)
	MCL (dB)
	
	PRACH capacity

	ZC139
	139
	1
	12
	2.085
	-105.8
	-3.64
	13.17
	0.88
	13.17
	122.62
	8
	18768   (272 cells)

	ZC139x2A
	139
	2
	24
	4.17
	-102.8
	-6.94
	16.18
	4.22
	16.18
	125.92
	4
	9384      (136 cells)

	ZC139x2B
	139
	2
	24
	4.17
	-102.8
	-6.83
	16.18
	4.94
	16.18
	125.81
	4
	9384      (136 cells)

	ZC283
	283
	1
	24
	4.245
	-102.7
	-7.25
	16.26
	0.63
	16.26
	126.21
	4
	25944   (376 cells)

	ZC139x4A
	139
	4
	48
	8.34
	-99.8
	-10.64
	19.19
	9.63
	13.37
	123.81
	2
	4692       (68 cells)

	ZC139x4B
	139
	4
	48
	8.34
	-99.8
	-10.56
	19.19
	10.55
	12.45
	122.81
	2
	4692       (68 cells)

	ZC571
	571
	1
	48
	8.565
	-99.7
	-10.89
	19.31
	0.45
	19.45
	130.04
	2
	28500   (380 cells)

	ZC139x8A
	139
	8
	96
	16.68
	-96.8
	-13.84
	22.20
	15.50
	7.50
	118.14
	1
	2346       (34 cells)

	ZC139x8B
	139
	8
	96
	16.68
	-96.8
	-13.99
	22.20
	16.50
	6.5
	117.29
	1
	2346       (34 cells)

	ZC1151
	1151
	1
	96
	17.265
	-96.6
	-14.07
	22.35
	0.32
	22.35
	133.02
	1
	31050   (383 cells)

	ZC1259
	1259
	1
	105
	18.885
	-96.2
	-14.62
	22.74
	0.31
	22.69
	133.51
	1
	33966   (419 cells)



Table B-2. Performance of different PRACH schemes with 60 kHz SCS.
	Scheme
	
	
	 per RO
	 (MHz)
	 (dBm)
	 (dB)
	 (dBm)
	95% CM (dB)
	 (dBm)
	MCL (dB)
	
	PRACH capacity

	ZC139
	139
	1
	12
	8.34
	-99.8
	-4.50
	19.13
	1.84
	19.13
	123.42
	2
	1932       (26 cells)

	ZC139x2A
	139
	2
	24
	16.68
	-96.8
	-7.65
	22.14
	4.35
	18.65
	123.10
	1
	966         (13 cells)

	ZC139x2B
	139
	2
	24
	16.68
	-96.8
	-7.85
	22.14
	5.32
	17.68
	122.33
	1
	966         (13 cells)

	ZC283
	283
	1
	24
	16.98
	-96.7
	-7.84
	22.21
	0.96
	22.04
	126.58
	1
	1974       (28 cells)

	ZC311
	311
	1
	26
	18.66
	-96.3
	-8.41
	22.62
	0.93
	22.07
	126.78
	1
	2170       (31 cells)



Appendix C: Related agreements
The following agreements had been achieved in RAN1#96b meeting [1]:
· Only coreset #0 lengths of 1 and 2 symbols are supported for NR-U
· Select one of the following options in RAN1 #97:
· Alt 1: Legacy SSB positions in a slot
· Support Type0-PDCCH in symbol (#0, #1) for length-2 coreset 0 and symbol (#0) for length-1 coreset 0 at least for the first SSB in a slot
· Support Type0-PDCCH in symbol (#6, #7) for length-2 coreset 0 and symbol #6 or symbol #7 for length-1 coreset 0 for the second SSB in a slot
· FFS: configurable between symbols #6 and #7 for the length-1 coreset 0 for the second SSB in a slot
· Alt2: New SSB positions in a slot
· Support Type0-PDCCH in symbol (#0, #1) for length-2 coreset 0 and symbol (#0) for length-1 coreset 0 for the first SSB in a slot
· Support Type0-PDCCH in symbol (#7, #8) for length-2 coreset 0 and symbol (#7) for length-1 coreset 0 for the second SSB in a slot
· Alt 3: Legacy SSB positions in a slot
· Support Type0-PDCCH in symbol (#0, #1) for length-2 coreset 0 and symbol (#0) for length-1 coreset 0 for the first SSB in a slot
· Support Type0-PDCCH in symbol (#7) for coreset 0 for the second SSB in a slot

The following agreements had been achieved in RAN1#96 meeting [4]:
· Down-select from the following options for SSB pattern (symbol index starts at 0)
· Option 1: SSBs are at symbols (2,3,4,5) and (8,9,10,11) in the slot
· Option 2: SSBs are at symbols (2,3,4,5) and (9,10,11,12) in the slot
· The down-selected pattern applies no matter if SSB SCS is indicated by higher layer or not, and no matter if RMSI is transmitted or not.
· The SCS for all SSBs and Coreset #0 on a carrier is always the same for operation of NR in unlicensed spectrum.
· CORESET #0 frequency domain resource configuration should be 48 RBs for 30KHz SCS and 96 RBs for 15KHz SCS.

The following agreements had been achieved in Ad Hoc meeting [5]:
· UE assumes 30KHz SCS for SS/PBCH block for 5GHz band and 6GHz band if the SCS is not indicated by higher layers.
· Support configuration by higher layers of 15 KHz or 30 KHz SCS for SS/PBCH block
· Include this agreement in a LS to RAN4 (cc RAN2) for inclusion in specs managed by RAN4 
The Type0-PDCCH monitoring configuration for NR-U should satisfy at least the following properties:
· TDM of Type0-PDCCH and SSB similar to existing pattern 1 (already agreed)
· Support the monitoring of Type0 PDCCH of the 2nd SSB position in a slot in the gap between 1st and 2nd SSB within the slot
· FFS start at symbol #6 of #7 or both
· FFS: The Type0-PDCCH candidates associated with an SSB are confined within a slot carrying the associated SSB (with the same QCL assumptions)
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